In response to the zonally symmetric El Niño-Southern Oscillation forcing, hemispherically asymmetric tropical precipitation anomalies associated with the Hadley circulation are found. In boreal spring after an El Niño peak phase, positive tropical precipitation anomalies occur in the Southern Hemisphere, while negative precipitation anomalies are found in the Northern Hemisphere. This zonal asymmetry is more apparent in the El Niño decaying phase than in the El Niño growing phase. The maximum amplitude of this zonal asymmetry lags one season behind the maximum SST anomalies over the tropical eastern Pacific. This lagged response of the asymmetry is mainly because of the tropical precipitation outside the tropical eastern Pacific, which is associated with the SST and tropospheric temperature anomalies outside the tropical eastern Pacific. A combination of the effect associated with the anomalous gross moist stability and the effect of the horizontal moist static energy (MSE) transport is responsible for the asymmetry. The above effects are associated with the seasonal migration of the Hadley circulation. Warm SST and tropospheric temperature anomalies increase the low-level moisture in the Tropics. In the effect associated with anomalous gross moist stability, the tropical precipitation over the ascending branch of the Hadley circulation is enhanced because of the decrease of effective moist stability, which is induced by the increase of low-level moisture. This enhancement associated with the Hadley circulation reduces the low-level moisture over the descending branch and creates a meridional moisture gradient. In the effect of the horizontal MSE transport, the tropical precipitation anomalies over margins of the ascending branch is reduced by dry advection from the descending branch, which is associated with mean Hadley circulation.
Introduction
Sea surface temperature (SST) anomalies associated with El Niño-Southern Oscillation (ENSO) induce a complex pattern of tropical precipitation anomalies not only over local regions, but also over remote areas (Curtis and Adler 2003; Dai and Wigley 2000; Kiladis and Diaz 1989; Rasmusson and Arkin 1993; Halpert 1987, 1996; Wallace et al. 1998) . During the El Niño mature phase, warm SST anomalies over the equatorial eastern Pacific enhance convection and positive precipitation anomalies over the equatorial central and eastern Pacific. To the north and south of this enhanced precipitation region a horseshoe pattern of negative precipitation anomalies are found (Ropelewski and Halpert 1987) . A reduction of rainfall is also found over the Maritime Continent and the western Pacific (Chang et al. 2004; Hendon 2003; Lau and Nath 2003; McBride and Nicholls 1983; Ropelewski and Halpert 1987; Wang et al. 2000) . To the north of these negative precipitation anomalies over the western Pacific, positive precipitation anomalies occur along the east coast of east Asia. These positive precipitation anomalies are associated with the weakening of the Asian winter monsoon and the strengthening of the spring rainfall over east Asia (Dai and Wigley 2000; Jiang et al. 2003; Lau and Nath 2003) . Other negative precipitation anomalies are found over the equatorial South America and the Atlantic intertropical convergence zone (ITCZ; Chiang et al. 2002; Foley et al. 2002; Nobre and Shukla 1996; Neelin and Su 2005) . Mechanisms for these tropi-cal precipitation anomalies involved with ENSO teleconnection have been discussed by many studies (e.g., Giannini et al. 2001; Soden 2000; Su et al. 2001; Su and Neelin 2002; Trenberth et al. 1998; Wallace et al. 1998) . One of those mechanisms involves teleconnection via tropospheric temperature changes. Tropospheric temperature anomalies associated with El Niño spread over the Tropics via wave dynamics (Wallace et al. 1998 ) and induce remote tropical precipitation anomalies by interacting with moist convection (Chiang and Sobel 2002; Neelin et al. 2003, NCS03 hereafter) .
From a hemispheric point of view, the precipitation anomalies associated with ENSO present new and interesting results. One example is the hemispheric symmetry of the El Niño-enhanced precipitation anomalies in the midlatitudes (Seager et al. 2005) . In the Tropics, on the other hand, the El Niño-induced precipitation anomalies show a very different distribution: an asymmetry between the Southern and Northern Hemispheres (Fig. 1b) . In the boreal spring, when the precipitation asymmetry is a maximum, the Southern Hemisphere average of tropical precipitation anomalies is positive, while the Northern Hemisphere average is negative. This asymmetry is also found in tropical moisture anomalies (Fig. 1c) . During an El Niño event, the main forcing is the warm SST anomalies over the equatorial eastern Pacific, which are roughly symmetric to the equator, with positive SST anomalies on both sides of the equator throughout the entire El Niño period (Fig. 1a) . The symmetric SST anomalies are particularly pronounced over the Niño-3.4 region (5°S-5°N, 170°-120°W), where they are the strongest. Symmetry is also found in tropical tropospheric temperature anomalies, which is another possible forcing for inducing the tropical precipitation anomalies (Chiang and Sobel 2002; NCS03) . During El Niño, positive tropospheric temperature anomalies are found over both the Northern and Southern Hemispheres. Overall, the El Niño forcings in SST and tropospheric temperature anomalies are symmetric to the equator, while the responses to the forcings in tropical precipitation and moisture are asymmetric to the equator.
The warm SST anomalies show a temporal symmetry between the El Niño growing and decaying phases, decaying away from the El Niño mature phase. The El Niño mature phase with the maximum SST anomalies over the equatorial eastern Pacific usually occurs in winter [December-February (DJF) ]. The El Niño growing phase (year 0) is defined as the year before the mature phase, while the El Niño decaying phase (year 1) is defined as the year after the mature phase, following a conventional notation (Rasmusson and Carpenter 1982) . On the other hand, the maximum tropical tropospheric temperature anomalies occur in spring of year 1 (February-May), which is a one-season lag to the El Niño mature phase. The lag response of tropospheric temperature anomalies to the El Niño SST anomalies has been discussed in several studies (e.g., Kumar and Hoerling 2003; Sobel et al. 2002; Su et al. 2005) . The tropical precipitation anomalies also show a phase lag to the maximum SST anomalies, with maximum asymmetry occurring in spring of year 1. Moreover, the asymmetry of the tropical precipitation anomalies is found only in year 1, not in year 0, with a temporal asymmetry between the El Niño growing and decaying phases.
What mechanisms induce the spatial and temporal asymmetry in the hemispheric average of the tropical precipitation changes? We would like to answer this question in this study. The data and model used in this study are described in section 2. Section 3 examines observations regarding the asymmetry of the tropical precipitation anomalies. In section 4, budgets of moisture and moist static energy (MSE) are analyzed to understand the mechanisms of the asymmetry. El Niño impacts on local and remote areas are examined in section 5, followed by a discussion and conclusions.
Data and model

a. Data
To examine the precipitation changes, two of the most extensively used datasets-the Climate Precipitation Center Merged Analysis of Precipitation (CMAP; Xie and Arkin 1997) (Reynolds et al. 2002) . The tropospheric temperature is from Microwave Sounding Unit channel 2 for 1979-2004 with a resolution of 2.5°ϫ 2.5° (Mears et al. 2003) . The total column water vapor (mm) is from the National Aeronautics and Space Administration Water Vapor Project (NVAP) for 1988-2001 with a resolution of 1°ϫ 1° ( Randel et al. 1996) . Other fields, such as moisture transport and heat fluxes, are derived from 26-yr (1979-2004) reanalysis data from the National Centers for Environmental Prediction-Department of Energy (NCEP-DOE) (hereafter NCEP2; Kanamitsu et al. 2002) , with a resolution of 2.5°ϫ 2.5°. Because the NVAP total column water vapor does not include the period of the 1982/83 El Niño, the NCEP2 moisture is used in budget analysis. All of the data are monthly averages, except for moisture and MSE advection. In the calculation of those advections, 6-hourly data are used to include the contribution of transients. For consistency, all of the terms in the moisture and MSE equations, including precipitation, are all in watts per square meter. Precipitation, with units of watts per square meter, divided by 28 is equivalent to millimeters per day.
In this study, we chose the 1982/83 El Niño event as an example because it is a typical El Niño with strong SST anomalies. The 1999/2000 La Niña is also used for comparison. Composites of the El Niño-induced anomalies shown in Fig. 1 are from 1982/83, 1986/87, 1991/92, and 1997/98 for all variables except the NVAP tropospheric moisture anomalies, which are from 1991/ 92 and 1997/98 because of the data length.
b. Model and experiment design
To examine mechanisms for the asymmetry of tropical precipitation anomalies, a coupled oceanatmosphere-land model of intermediate complexity Zeng et al. 2000, ZNC hereafter) with prescribed divergence of ocean heat transport (Q flux) is used . Based on the analytical solutions derived from the Betts-Miller moist convective adjustment scheme (Betts and Miller 1993) , typical vertical structures of temperature, moisture, and winds for deep convection are used as leading basis functions for a Galerkin expansion Yu and Neelin 1994) . The resulting primitive equation model makes use of constraints on the flow by quasi-equilibrium (QE) thermodynamic closures [the quasi-equilibrium tropical circulation model with a single vertical structure of temperature and moisture for deep convection (QTCM1)]. Because the basis functions are based on vertical structures associated with convective regions, these regions are expected to be well represented and similar to a GCM with the Betts-Miller moist convective adjustment scheme. Far from convective regions, QTCM1 is a highly truncated Galerkin representation equivalent to a two-layer model. A cloud radiation scheme (Chou and Neelin 1996; ZNC) , simplified from the full GCM radiation schemes (Harshvardhan et al. 1987; Fu and Liou 1993) , is included. Deep convection and cirrocumulus/ cirrostratus cloud fraction is estimated by an empirical parameterization (Chou and Neelin 1999) . A simple formula is used to obtain atmospheric boundary layer winds under assumptions of a steady state and a vertically homogeneous mixed layer with fixed height (Stevens et al. 2002 ). An intermediate land surface model (ZNC) is used to simulate interaction between the atmosphere and land surface. This model simulates processes such as evapotranspiration and surface hydrology in a single land surface layer for calculating energy and water budgets. Soil moisture is balanced by precipitation, evaporation, surface runoff, and ground runoff. QTCM, version 2.3, is used here, with the solar radiation scheme slightly modified using the new Fu and Liou (1993) radiation scheme.
The experiment design in this study is similar to that used in Chou and Neelin (2004, CN04 hereafter) . To examine mechanisms that induce the temporal and spatial asymmetry of tropical precipitation anomalies during ENSO, the prescribed 1982-83 SST over the tropical eastern Pacific (30°S-30°N; east of date line) is used as a forcing, and the mixed layer ocean is used outside the tropical eastern Pacific. Differences between this simulation and a control experiment with climatological SST prescribed over the same eastern Pacific region (STND runs) will show impacts of the 1982/83 El Niño SST anomalies. To understand the effects of the gross moist stability (Yu et al. 1998 ), a similar pair of experiments but with fixed gross moist stability (fixed-M runs) is performed. To examine the effect of the horizontal MSE transport, the seasonal climatology of the horizontal MSE transport obtained from the climatological SST experiment is also used in a pair of experiments similar to the STND runs [fixed-advtq runs; fixed Ϫv • ١(T ϩ q) in (5) in section 4], suppressing the effect of the anomalous horizontal MSE transport. Another pair of experiments with the 1982-83 SST and the SST climatology prescribed outside the tropical eastern Pacific and the mixed layer ocean within the tropical eastern Pacific (remote SST runs) is used to estimate the contribution of the SST outside the tropical eastern Pacific to the tropical precipitation anomalies. Meanwhile, to estimate the contribution of the tropospheric temperature anomalies, the tropospheric temperature anomalies induced by the 1982/83 El Niño and the tropospheric temperature climatology are used, respectively, in the calculation of convective available potential energy (CAPE runs). The CAPE runs use the prescribed SST climatology for all oceans in the world. All experiments are averaged over 20 yr.
Observation analysis
To further investigate the asymmetry of tropical precipitation anomalies shown in Fig. 1b , zonally averaged (0°-360°) SST, tropospheric temperature and water vapor, and precipitation anomalies induced by the 1982/ 83 El Niño are shown in Fig. 2 . The warm SST anomalies extend a little more poleward over the Southern Hemisphere than the Northern Hemisphere between November of year 0 and April of year 1. However, the warm SST anomalies still dominate tropical oceans with the maximum SST anomalies at the equator. For temporal variation, the warm SST anomalies appear around August of year 0, reach the maximum strength in January of year 1, and disappear around August of year 1. Thus, the SST anomalies are roughly symmetric between years 0 and 1. For the tropospheric temperature, the zonally averaged anomalies are also roughly symmetric to the equator, but their temporal variation is different from the SST anomalies. The warm tropospheric temperature anomalies quickly reach the maximum within one season, but the anomalies last for two seasons after reaching the maximum. The warm tropospheric temperature anomalies occur mostly in year 1 and the maximum anomalies are around March of year 1, which is a one-season lag to the maximum SST anomalies. The lagged relation between the maximum SST and tropospheric temperature anomalies has been discussed in several studies (e.g., Kumar and Hoerling 2003; Sobel et al. 2002; Su et al. 2005) .
As possible forcings for the tropical precipitation anomalies associated with El Niño, both main SST and tropospheric temperature anomalies have the same sign on both sides of the equator. Responding to these forcings, however, the tropical precipitation anomalies shown in Fig. 2c have a very different spatial distribution. Main positive precipitation anomalies appear around October of year 0 near the equator, move southward to around 10°S in February-April of year 1, and then move northward to 10°N around August of year 1. To the north of these positive precipitation anomalies, negative precipitation anomalies are also found, with a similar meridional movement. Most positive precipitation anomalies occur in the Southern Hemisphere, while the negative precipitation anomalies are in the Northern Hemisphere. This dipole pattern of the precipitation anomalies mainly occurs in year 1 and is consistent with the asymmetry of the hemispherically averaged tropical precipitation anomalies shown in Fig. 1b . The meridional movement of the tropical precipitation anomalies seems to follow the seasonal movement of the mean convection zones, defined as mean precipitation over 4 mm day Ϫ1 (the thick dark line in Fig. 2c ). The meridional movement of the zonally averaged mean convection zone is associated with the Hadley circulation, so this result implies that the Hadley circulation may play a role in the asymmetry of the tropical precipitation change. The zonal average of the tropospheric moisture anomalies shows similar spatial asymmetry to the precipitation anomalies, but the positive and negative moisture anomalies spread wider meridionally than the precipitation anomalies (Figs. 2c and 2d). The dipole pattern of the moisture anomalies is found mainly in the period of January-April of year 1.
To examine the meridional movement of the tropical precipitation anomalies more closely, the period of 1999-2000, which is dominated by La Niña, is used as another example. The SST and tropospheric temperature anomalies are over almost the entire 2-yr period. The cold SST anomalies are much more symmetric to the equator than the 1982-83 warm SST anomalies shown in Fig. 2a . This implies that the weak asymmetric SST anomalies shown in Fig. 2a should not be a main cause for inducing the asymmetry of the tropical precipitation anomalies. The tropospheric temperature anomalies are also spatially symmetric to the equator (Figs. 3a and 3b). Note that the SST and tropospheric temperature anomalies are negative in this case, so the over margins of convective regions, which are just north or south of the main negative anomalous precipitation band. Overall, the positive (negative) precipitation anomalies are over convective regions during an El Niño (La Niña) event, while the negative (positive) precipitation anomalies are found over margins of convective regions.
Moisture and moist static energy budgets a. Equations and derivation
To understand the tropical precipitation anomalies induced by ENSO, we start with a vertically integrated moisture equation.
where E is evaporation, is pressure velocity, v is horizontal velocity, and the specific humidity q is in energy units by absorbing the latent heat per unit mass L. Vertical integral ͗ ͘ denotes a mass integration through the troposphere, with p T as the depth of the troposphere:
where g is gravity and p s is surface pressure. The moisture sink ͗Q q ͘ is related to precipitation P by
͑3͒
The precipitation is in energy units of watts per square meter, which, divided by 28, is millimeters per day. For time or ensemble averages, the time derivative term is negligible. Thus, the precipitation anomalies induced by ENSO can be written as
where ( ) denotes climatology and ( )Ј represents the departure from the climatology. The last term on the rhs of (4) is associated with local thermodynamic processes and the rest of the rhs terms of (4) are associated with dynamical processes. The interannual variation of the nonlinear effect Ϫ(͗Ј‫ץ‬ p qЈ͘ Ϫ ͗Ј‫ץ‬ p qЈ͘) and the effect of Ϫ͗‫ץ‬ p qЈ͘ are both associated with the vertical profile of moisture changes. Note that ͗Ј‫ץ‬ p qЈ͘ is the climatology of the nonlinear effect. The other nonlinear effect associated with the horizontal moisture transport is included in Ϫ͗v · ١q͘Ј. The nonlinear effects, such as Ϫ(͗Ј‫ץ‬ p qЈ͘ Ϫ ͗Ј‫ץ‬ p qЈ͘), include transients and changes to the basic state between ENSO and climatology. In the Tropics, convection is the center of the dynamical processes. To estimate the anomalous vertical velocity Ј associated with convection, a vertically integrated anomalous MSE equation is used here:
where T is atmospheric temperature that absorbs the heat capacity at constant pressure C p , and the MSE is h ϭ q ϩ s. The dry static energy is s ϭ T ϩ , with as the geopotential. The net energy into the atmospheric column is
The net heat flux at the top of the atmosphere (TOA) is
and the net heat flux at the surface is h͘ is a small difference between two large terms. The increase of the atmospheric boundary layer moisture modifies the static stability of convective regions, so convection and the associated precipitation are enhanced and ‫ץ͗‬ p q͘ becomes more negative. The stronger convection can also increase convection height and then increase ‫ץ͗‬ p s͘. Thus, ‫ץ͗‬ p s͘ is highly sensitive to convection height, but ‫ץ͗‬ p q͘ is not (Yu et al. 1998) . Difficulty in estimating convection height from observations and climate model simulations creates the uncertainty of calculating ‫ץ͗‬ p s͘. Overcoming the challenge of estimating convection height and ‫ץ͗‬ p s͘ is an ongoing work. Here we neglect the contribution of ‫ץ͗‬ p s͘Ј and focus only on ‫ץ͗‬ p q͘Ј. This is similar to the assumption of ‫ץ͗‬ p s͘Ј ϭ 0. In the current QTCM, ‫ץ͗‬ p s͘ varies slightly only when convection is very deep, so ‫ץ͗‬ p s͘Ј Ϸ 0 (CN04). Neglecting the contribution of ‫ץ͗‬ p s͘ cannot close the MSE budget, so the MSE budget analysis can only give us a first estimate on the effect for each term on the rhs of (5), not partitioning between each effect.
To interpret the budget analysis in observations, the QTCM simulations are also analyzed. In QTCM, under the QE closure, ‫ץ͗‬ p h͘ is replaced by M١ · v 1 , where M is the gross moist stability and v 1 is the baroclinic wind, which is a projection on the baroclinic structure associated with deep convection (Yu et al. 1998) . The sign of ١ · v 1 is positive for lower-tropospheric convergence and upward motion. Defining a typical vertical velocity structure of deep convection 
The climatology of the nonlinear terms MЈ q ١ · vЈ 1 and MЈ١ · vЈ 1 are small in QTCM, so both MЈ q ١ · vЈ 1 and MЈ١ · vЈ 1 are neglected here. Using the anomalous MSE in (10) to replace the anomalous divergence associated with deep convection in the anomalous moisture in (9) yields
The factor M q /M is termed as the gross moist stability multiplier effect (Neelin and Su 2005) . Estimating from observations with a theoretical formula, this factor is roughly 6 in the tropical convection zones (Yu et al. 1998) . Thus, the terms associated with M q /M are larger than those terms without this multiplier effect. For instance, 
, which is the main source for inducing MЈ, such as in CN04. Under this assumption, we only count the part of the MЈ effect associated with the low-level moisture change. This MЈ effect may be strongly modified when adding the effect of MЈ s , so interpreting the effect associated with MЈ obtained here must be approached with caution.
b. Budget analysis
In this study, we focused on variations in the meridional direction, so a zonal average is used throughout the analysis. Based on the equations discussed in the previous section, the NCEP2 is used to analyze the moisture and MSE budgets. In the moisture budget, Ϫ͗Ј‫ץ‬ p q͘ contributes more than 80% of the anomalous tropical precipitation, so Ϫ͗Ј‫ץ‬ p q͘, which is associated with the anomalous vertical motion, is the main source for inducing the tropical precipitation anomalies (Fig.  4) . The spatial distribution of Ϫ͗Ј‫ץ‬ p q͘ is similar to the pattern of the precipitation anomalies shown in Fig.  2c . A dipole pattern of the anomalies with the positive in the south and the negative in the north appears around October of year 0 and ends around July of year 1. The term Ϫ͗Ј‫ץ‬ p q͘ shows a clear meridional movement, similar to the seasonal variation of mean convection. In addition to Ϫ͗Ј‫ץ‬ p q͘, the sum of Ϫ͗‫ץ‬ p qЈ͘ and Ϫ(͗Ј‫ץ‬ p qЈ͘ Ϫ ͗Ј‫ץ‬ p qЈ͘) also shows a meridional movement for the positive anomalies (Fig. 4b) . Both terms depend on the vertical distribution of moisture anomalies and have a similar pattern with a clear meridional movement, but Ϫ(͗Ј‫ץ‬ p qЈ͘ Ϫ ͗Ј‫ץ‬ p qЈ͘) is slightly larger than Ϫ͗‫ץ‬ p qЈ͘ (not shown). With positive low-level moisture anomalies shown in Fig. 2d , the mean upward motion of the Hadley circulation transports more moisture vertically, and then enhances the convection over the ascending branch.
The other two terms in (4), Ϫ͗v · ١q͘Ј and EЈ, do not show a clear meridional movement, such as in the precipitation anomalies (Fig. 2c ), but they are definitely not symmetric to the equator. A strong negative Ϫ͗v · ١q͘Ј is found near the equator from December of year 0 to May of year 1, with more to the north of the equator. The term Ϫ͗v · ١q͘Ј includes the following three parts: Ϫ͗v · ١qЈ͘, Ϫ͗vЈ · ١q͘, and Ϫ(͗vЈ١qЈ͘ Ϫ ͗vЈ١qЈ͘). The nonlinear effect of Ϫ(͗vЈ١qЈ͘ Ϫ ͗vЈ١qЈ͘) contributes to most of the negative anomalies of Ϫ͗v · ١q͘Ј. The rest of the terms, Ϫ͗v · ١qЈ͘ and Ϫ͗vЈ · ١q͘, are also negative over the Northern Hemisphere, but their amplitudes are relatively smaller (not shown). Positive EЈ is found over the Northern Hemisphere, a region that is also dominated by negative Ϫ͗v · ١q͘Ј (Figs. 4c and 4d ). This implies a strong cancellation between Ϫ͗v · ١q͘Ј and EЈ over the equatorial region. In addition to the positive EЈ discussed above, negative EЈ also occurs over the Southern Hemisphere from December of year 0 to May of year 1. This distribution of EЈ tends to cool the ocean over the Northern Hemisphere and warm the ocean over the Southern Hemisphere. That may be the reason why the positive SST anomalies extend less poleward over the Northern Hemisphere than over the Southern Hemisphere (Fig. 2a) .
The moisture budget analysis shows that Ϫ͗Ј‫ץ‬ p q͘, which is associated with Ј, is the most important con- tribution to the precipitation anomalies (Fig. 2) . To estimate Ј, we use the MSE of (5) to examine possible contributions to the anomalous vertical motion. In El Niño, the warm SST anomalies over the eastern Pacific has a major contribution to the MSE budget via the net surface heat flux FЈ s . The net TOA heat flux anomalies FЈ t are associated with a cloud radiative feedback, and they are relatively small compared with FЈ s because of the strong cancellation between cloud longwave and shortwave radiation in the Tropics (Kiehl 1994; Ramanathan et al. 1989) . Thus, the net energy into the atmosphere, F netЈ ϭ FЈ t Ϫ FЈ s , can be estimated by FЈ s . Figure 5a does show a warming effect on the atmosphere along the equator, that is, Ϫ FЈ s Ͼ 0, and this warming is roughly symmetric to the equator. However, the upward (negative) FЈ s near the equator is much smaller than what would be expected from the SST anomalies shown in Fig. 2a . This discrepancy between the SST anomalies and FЈ s is due to a much weaker surface cloud radiative effect in the NCEP2 data. Examining other data, such as from the 40-yr European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA-40; Uppala et al. 2005 ), negative FЈ s is much stronger and is also symmetric to the equator (not shown). Thus, the symmetric FЈ s cannot directly induce the asymmetry of the tropical precipitation anomalies. Moreover, FЈ s and the net energy into the atmosphere F netЈ is also not physically consistent with the anomalous vertical motion represented by Ϫ͗Ј‫ץ‬ p q͘. The effect of FЈ s warms the atmosphere over the tropical Northern Hemisphere, that is, FЈ s Ͻ 0, where the anomalous vertical motion is downward (Fig.  6 ), so FЈ s does not directly force the hemispherical asymmetry of the tropical precipitation anomalies. In fact, FЈ s is opposing the change of the tropical precipitation over the Northern Hemisphere shown in Fig. 2a , even though tropical precipitation anomalies are believed to be initiated by warm SST anomalies over the equatorial eastern Pacific via FЈ s .
On the other hand, the sum of Ϫ͗‫ץ‬ p qЈ͘ and
, which is associated with MЈ, shows a very clear meridional movement, especially for the positive anomalies. This meridional movement is associated with the seasonal variation of the ascending branch of the Hadley circulation and the nonlinear effect of the vertical moisture transport. Thus, both Ϫ͗‫ץ‬ p qЈ͘ and Ϫ(͗Ј‫ץ‬ p qЈ͘ Ϫ ͗Ј‫ץ‬ p qЈ͘) play a major role in inducing first the anomalous upward motion and then the associated positive precipitation anomalies. Note that Ϫ͗‫ץ‬ p qЈ͘ and Ϫ(͗Ј‫ץ‬ p qЈ͘ Ϫ ͗Ј‫ץ‬ p qЈ͘) can also directly affect the tropical precipitation via the moisture budget, but with less contribution than the dynamical feedback discussed here. Another important term in the MSE budget is Ϫ͗v · ١(T ϩ q)͘Ј, the horizontal MSE transport. Figure  5b shows that maximum negative Ϫ͗v · ١(T ϩ q)͘Ј is found near the equator from December of year 0 to May of year 1, but most negative anomalies are over the Northern Hemisphere, where the precipitation anomalies are also negative. This indicates that Ϫ͗v · ١(T ϩ q)͘Ј is a possible source of the tropical precipitation reduction shown in Fig. 2c via the dynamical feedback associated with Ј. The distribution of Ϫ͗v · ١(T ϩ q)͘Ј does not show any sign of a meridional movement, but it coincides well with the maximum negative Ϫ͗Ј‫ץ‬ p q͘ shown in Fig. 4a . In Ϫ͗v · ١(T ϩ q)͘Ј, Ϫ͗v · ١q͘Ј is the dominant term, while Ϫ͗v · ١T͘Ј just enhances the anomalies without changing the pattern of Ϫ͗v · ١(T ϩ q)͘Ј (Figs.  4c and 5c ).
c. Mechanisms
From the moisture budget analysis in the observations, the asymmetry of the tropical precipitation anomalies associated with ENSO is mainly determined by dynamical feedbacks via Ϫ͗Ј‫ץ‬ p q͘, which is associated with Ј. In the analysis of the MSE budget, Ј is affected by Ϫ͗‫ץ‬ p qЈ͘, Ϫ(͗Ј‫ץ‬ p qЈ͘ Ϫ ͗Ј‫ץ‬ p qЈ͘) and Ϫ͗v · ١(T ϩ q)͘Ј, and those terms are associated with the Hadley circulation. We thus examine the Hadley circulation in February-April (FMA) when the precipitation asymmetry is a maximum (Fig. 6) . The anomalous upward motion is found over the Southern Hemisphere where the ascending branch of the Hadley circulation is located. The anomalous downward motion is found over the Northern Hemisphere where the northern margin of the ascending branch of the Hadley circulation is, and is dominated by the low-level northerly winds associated with the Hadley circulation. Thus, the ascending branch of the Hadley circulation is enhanced and the descending branch shifts southward slightly.
During El Niño, the effect of Ϫ͗‫ץ‬ p qЈ͘ is associated with an increase of low-level moisture, which is enhanced by the warm SST anomalies via local processes (such as evaporation), and the warm tropospheric temperature anomalies via the moist convective process over convective regions (NCS03; CN04). The SST anomalies show a meridional gradient with warm anomalies near the equator and cold anomalies at higher latitudes. These SST anomalies create a meridional gradient of the moisture anomalies. The process associated with warm tropospheric temperature anomalies also creates the meridional gradient of the moisture anomalies between convective and nonconvective regions. The higher low-level moisture over convective regions reduces gross moist stability M (Yu et al. 1998 ) and destabilizes the atmosphere, so convection and the associated precipitation are enhanced. This effect is termed the anomalous gross moist stability (MЈ) mechanism or the "rich-get-richer mechanism", which was first proposed by CN04 in a global warming study. The maximum Ϫ͗‫ץ‬ p qЈ͘ follows the seasonal variation of the mean tropical convection , so the associated precipitation anomalies should always be over the summer hemisphere. The other effect associated with the nonlinear term Ϫ(͗Ј‫ץ‬ p qЈ͘ Ϫ ͗Ј‫ץ‬ p qЈ͘) also induces positive tropical precipitation anomalies and has the similar pattern of Ϫ͗‫ץ‬ p qЈ͘, following the seasonal movement of mean convection. This nonlinear effect is associated with vertical moisture transport and includes FIG. 6 . The zonally averaged mean pressure velocity (shading) and the anomalous pressure velocity Ј (contours) in FMA from NCEP2. The light shading is for upward motion and the dark shading is downward motion. The vectors are anomalous winds for meridional component Ј and Ј ϫ 100.
contributions from transients and a change in basic state from seasonal climatology to El Niño. Both effects of Ϫ͗‫ץ‬ p qЈ͘ and Ϫ(͗Ј‫ץ‬ p qЈ͘ Ϫ ͗Ј‫ץ‬ p qЈ͘) enhance convection over the ascending branch of the Hadley circulation, so the Hadley circulation is enhanced (Fig. 6) . The low-level moisture over the descending area is then reduced by stronger subsidence (Fig. 6 ) and the meridional gradient of the moisture anomalies are further enhanced.
The effect of the horizontal MSE transport Ϫ͗v · ١(T ϩ q)͘Ј can be divided into the following three terms:
The first term is associated with the upped-ante mechanism (NCS03; CN04), the second term is associated with the anomalous wind mechanism (Neelin and Su 2005) , and the last term is the nonlinear effect associated with the horizontal MSE transport. In the upped-ante mechanism, the precipitation over the tropical Northern Hemisphere, where there are margins of the ITCZ, is reduced during El Niño by the import of dry and cold air from nonconvective regions that is associated with the northerly winds of the mean Hadley circulation (Fig. 6 ) on the background of the anomalous moisture gradient between the ascending and descending areas (Fig. 2d) . In the anomalous wind mechanism, the anomalous northerly winds induced by El Niño transport dry and cold air from the convective region to the convective center (Fig. 6) , which is consistent with the finding of Su and Neelin (2002) . The nonlinear effect of Ϫ(͗vЈ · ١(T ϩ q)Ј͘ Ϫ ͗vЈ · ١(T ϩ q)Ј͘) also reduces the tropical precipitation just north of the equator (not shown). In other words, all three effects associated with Ϫ͗v · ١(T ϩ q)͘Ј tend to induce negative precipitation anomalies over the tropical Northern Hemisphere.
To further investigate those effects associated with MЈ and the effect of the horizontal MSE transport in the hemispherical asymmetry of the tropical precipitation anomalies, experiments using QTCM are analyzed. The zonal average of the precipitation anomalies in the STND experiments are shown in Fig. 7a . The positive precipitation anomalies do not migrate as far poleward as in the observation (Fig. 2c) ; this might be due to a relatively narrower migration range of the mean convection zone in QTCM. However, the positive precipitation anomalies do roughly follow the mean tropical convection and move meridionally (the thick line). During the peak phase of the 1982/83 El Niño, positive precipitation anomalies are over the Southern (summer) Hemisphere, while negative precipitation anomalies are also found over the Northern (winter) Hemisphere. This distribution is similar to the pattern of M١ · vЈ 1 (Fig. 8a) , which is equivalent to Ϫ͗Ј‫ץ‬ p h͘, so the term M١ · vЈ 1 is the main source for tropical precipitation anomalies. Analyzing the MSE budget of the STND experiments, Ϫ(MЈ١ · v 1 ϩ MЈ١ · vЈ 1 ) and Ϫ͗v · ١(T ϩ q)͘Ј show clear asymmetric patterns between two sides of the equator (Figs. 8b and 8c) . The term ϪMЈ١ · v 1 , equivalent to Ϫ͗‫ץ‬ p hЈ͘ or Ϫ͗‫ץ‬ p qЈ͘ in this study, is associated with the rich-get-richer mechanism, and ϪMЈ١ · vЈ 1 is associated with the nonlinear effect of the vertical moisture transport. Both effects of ϪMЈ١ · v 1 and ϪMЈ١ · vЈ 1 contribute to positive precipitation anomalies over convective regions, but their amplitude is much weaker than what the observation implies in Fig. 4b . As discussed in CN04 and Chou et al. (2006) , uncertainties in MЈ create errors in calculating the effect associated with MЈ, so the amplitude of the terms associated with MЈ is relatively weak in the QTCM simulations (Fig. 8) . However, Fig. 8b implies that the MЈ effect does play a role in determining the positive anomalies of the asymmetry. The effect of Ϫ͗v · ١(T ϩ q)͘Ј not only contributes to the negative precipitation anomalies over the northern margins of ITCZ, but also contributes slightly to the positive precipitation anomalies over the convective regions; this is a little different from the observations discussed above. In the observations, stronger noise may weaken the signal of the impacts of Ϫ͗v · ١(T ϩ q)͘Ј on the positive precipitation anomalies over convective regions. In the STND experiments, the contribution of FЈ s , which is associated with the warm SST anomalies over the equatorial eastern Pacific, is relatively stronger than the observed FЈ s shown in Fig. 5a , but is similar to FЈ s obtained from the ERA-40 data and shows a symmetric distribution to the equator. Thus, FЈ s cannot directly induce the asymmetry of the tropical precipitation anomalies. Overall, the asymmetry of the tropical precipitation anomalies in the STND experiments is attributed to the effects of Ϫ(MЈ١ · v 1 ϩ MЈ١ · vЈ 1 ) and Ϫ͗v · ١(T ϩ q)͘Ј, similar to the analysis of the observation, but the tendency of the asymmetry is weaker than the observation, resulting from stronger FЈ s and weaker Ϫ(MЈ١ · v 1 ϩ MЈ١ · vЈ 1 ). A sensitivity test with prescribed symmetric SST anomalies is also performed and the precipitation asymmetry still exists, but with a more narrow range of the meridional movement (not shown). This implies that the precipitation asymmetry can be induced without the weak asymmetric SST anomalies shown in Fig. 2a .
To further examine the effect associated with MЈ and the effect of Ϫ͗v · ١(T ϩ q)͘Ј, two pairs of experiments-fixed M and fixed advtq-are performed. The fixed-M experiments set the anomalous gross moist stability MЈ to zero, so the effect associated with MЈ is not found in these experiments. Figure 7b shows the pre-cipitation differences of the fixed-M minus STND experiments. A clear reduction of the tropical precipitation anomalies is found over convective regions, particularly for the positive anomalies, when the effects associated with MЈ are suppressed. Thus, the effect associated with MЈ is responsible for most of the seasonal movement of the positive precipitation anomalies. The second pair of experiments is the fixed-advtq experi- 3424 ments, which suppress the horizontal advection of MSE, that is, Ϫ͗v · ١(T ϩ q)͘Ј ϭ 0. The precipitation differences of the fixed-advtq minus STND experiments indicate that both negative precipitation anomalies over the Northern Hemisphere and positive precipitation anomalies over the Southern Hemisphere are weakened, with an emphasis on the negative precipitation anomalies (Fig. 7c) . Thus, the effect of the horizontal MSE transport does reduce the tropical precipitation anomalies over the Northern Hemisphere and slightly decreases the tropical precipitation anomalies over the Southern Hemisphere. Based on (11), the precipitation anomalies are determined mainly by the effects associated with MЈ, the effect of Ϫ͗v · ١q͘Ј (or Ϫ͗v · ١(T ϩ q)͘Ј) and FЈ s . Other terms, such as MЈ q , FЈ t , and EЈ, are relatively small. Because FЈ s is symmetric to the equator, the asymmetry of the tropical precipitation anomalies are affected only by the effects associated with MЈ and the effect of Ϫ͗v · ١q͘Ј or Ϫ͗v · ١(T ϩ q)͘Ј. From the analysis of the QTCM simulations, the rich-get-richer mechanism and the nonlinear effect of the vertical moisture transport induce positive tropical precipitation anomalies over the summer (Southern) hemisphere. Note that both effects are associated with MЈ. On the other hand, the effect of either the horizontal moisture or MSE transport, which includes the upped-ante mechanism, the anomalous wind mechanism, and the nonlinear effect of the horizontal MSE transport, induces the negative tropical precipitation anomalies over the winter (Northern) hemisphere.
ENSO impacts on local and remote areas
The main forcing of ENSO are the SST anomalies over the equatorial eastern Pacific, which are relatively localized, so the eastern Pacific precipitation should be strongly influenced by the local SST anomalies. The ENSO SST anomalies also induce relatively uniform responses in the tropical tropospheric temperature via moist convective interaction with wave dynamics (Chiang and Sobel 2002; Su and Neelin 2002; Wallace et al. 1998) , so ENSO can affect tropical precipitation in regions away from the equatorial eastern Pacific via the tropospheric temperature changes (Chiang and Sobel 2002; NCS03) . In this section, we discuss the ENSO impacts on tropical precipitation over local and remote areas, respectively. Note that the local area is the tropical eastern Pacific (170°-120°W) and the remote area is regions outside the tropical eastern Pacific.
a. Local area
To examine the local SST effect over the eastern Pacific, anomalies between 170°and 120°W, which is the range of the Niño-3.4 region, are averaged and the results are shown in Fig. 9 . The warm SST anomalies are spatially symmetric to the equator and temporally symmetric to the El Niño peak phase (December of year 0-January of year 1). The warm tropospheric temperature anomalies are also spatially and temporally symmetric, but the maximum anomalies occur around February of year 1, which is a lag of 1 month to the maximum SST anomalies. The warm tropospheric temperature anomalies expand farther poleward than the corresponding SST anomalies. The maximum tropospheric temperature anomalies are around 15°latitude in both hemispheres, while the maximum SST anomalies are at the equator. This relation between two anomalous temperature patterns indicates a Rossby wave response of tropospheric temperature anomalies to the SST anomalies, so the local tropospheric temperature anomalies are rather a response to the local warm SST anomalies than a forcing itself.
The corresponding positive precipitation anomalies start from the Northern Hemisphere around July of year 0, gradually move to the Southern Hemisphere, and reach their maximum strength around FebruaryMarch of year 1, which is almost the same time as that of the maximum tropospheric temperature anomalies. The precipitation anomalies disappear around July of year 1. To the north of these positive precipitation anomalies, relatively narrow and weak negative precipitation anomalies are also found. Thus, an asymmetric pattern of tropical precipitation anomalies is found over the tropical eastern Pacific, but the amplitude of the positive precipitation anomalies over the Southern Hemisphere is much stronger than the negative precipitation anomalies over the Northern Hemisphere. This asymmetry in the precipitation anomalies is consistent with the change of the local Hadley circulation (Fig.  10a) . Strong anomalous ascending motion is found over the Southern Hemisphere, while weak anomalous descending motion is found over the Northern Hemisphere. The asymmetry of the precipitation anomalies may be associated with the southward shift of ITCZ over the eastern Pacific (Halpern and Hung 2001 ) and a double ITCZ over the eastern Pacific (Gu et al. 2005) . A similar pattern is also found for the tropospheric moisture anomalies (Fig. 9d) . Both positive precipitation and moisture anomalies occur much earlier than those zonally averaged anomalies shown in Fig. 2 , and they are roughly symmetric to their respective peak phases. In other words, the temporal asymmetry found in the zonal average (0°-360°) of the precipitation anomalies (Fig. 2c) does not come from changes over the local area, which is dominated by the local maximum SST anomalies. 
b. Remote area
To examine the changes over the remote area, anomalies are averaged outside the local region of 170°-120°W, and the results are shown in Fig. 11 . The warm SST anomalies become asymmetric to the equator, with most positive anomalies over the Southern Hemisphere and negative anomalies over the Northern Hemisphere. However, this SST asymmetry does not show any meridional movement. For the temporal variation, the anomalies occur around September of year 0 and end around August of year 1, so the SST anomalies shift toward the El Niño decaying phase (year 1). The amplitude of the warm SST anomalies is not only much weaker than the local SST anomalies, but is also relatively weaker than the corresponding tropospheric temperature anomalies (Fig. 11b) . The distribution of tropospheric temperature anomalies over the remote area is also different from anomalies over the local area. Spatially, they are roughly symmetric to the equator with a slightly stronger amplitude over the Northern Hemisphere. Temporally, the growing rate of the tropical temperature anomalies is much faster than the decaying rate, so there is no temporal symmetry such as those found in the local area. The warm tropospheric temperature anomalies start in December of year 0 and end around August of year 1, shifting to year 1 much more than the corresponding SST anomalies shown in Fig. 11a .
The corresponding precipitation anomalies show very strong spatial asymmetry, which has a similar seasonal variation to the mean tropical convection. Unlike the asymmetry in the local region (170°-120°W), the negative precipitation anomalies over the Northern Hemisphere are stronger than their counterpart-the positive precipitation anomalies over the Southern Hemisphere. This is also consistent with the anomalous Hadley circulation: weak anomalous ascending motion is over the Southern Hemisphere and strong anomalous descending motion is over the Northern Hemisphere. The different strengths of the anomalous vertical motion between local and remote areas are due to the anomalous Walker circulation induced by El Niño. The precipitation anomalies occur in October of year 0 and end around August of year 0, so the precipitation anomalies over the remote region show an asymmetric pattern between the El Niño growing and decaying phases. This temporal asymmetry does not occur for the local region between 170°and 120°W, which implies that the temporal asymmetry of the tropical precipitation anomalies shown in Figs. 1b and 2c mainly comes from the remote region. The tropospheric moisture anomalies also show a similar temporal and spatial pat- tern to the tropical precipitation anomalies, but the moisture anomalies are over wider regions and have a smoother gradient (Fig. 11d) .
As discussed above, the temporal asymmetry of the zonally averaged tropical precipitation anomalies are from the remote region, so the warm El Niño SST anomalies over the equatorial eastern Pacific cannot directly cause this temporal asymmetry. Several studies (Chiang and Sobel 2002; Su and Neelin 2002) show that the tropical precipitation anomalies over the remote region can be induced by moist convective interaction with wave dynamics and air-sea coupling feedbacks. To examine these processes, two pairs of experiments forced by the SST and tropospheric temperature anomalies over the remote area are performed respectively. The first pair of experiments is the remote SST experiments, which use the prescribed SST anomalies over the remote area (Fig. 11a ) and the climatological SST over the local region. Figure 12a shows the corresponding precipitation anomalies. A clear asymmetric pattern of the precipitation anomalies starts in December of year 0 and ends around June of year 1. The SST anomalies over the remote region induce an asymmetry of the tropical precipitation anomalies. In a sensitivity test with symmetric SST anomalies, the precipitation anomalies are still similar to Fig. 12a , but with weaker amplitudes (not shown). This indicates that the precipitation asymmetry is not induced solely by the asymmetric SST anomalies. The second pair of experiments is the CAPE experiments, which use the tropospheric temperature anomalies over the remote area (Fig. 11b) . The corresponding precipitation anomalies are shown in Fig. 12b . A similar asymmetry of the precipitation anomalies is also found in December of year 0-April of year 1, with positive anomalies over the Southern Hemisphere and negative anomalies over the Northern Hemisphere. Both SST and tropospheric temperature anomalies over the remote area occur mostly in year 1 (Figs. 11a and 11b) , so the spatial asymmetry of the tropical precipitation anomalies is found only in year 1. Thus, the temporal asymmetry is caused by the remote SST and tropospheric temperature anomalies.
Discussion and conclusions
In this study, the focus is on how a circulation, such as the Hadley circulation, and the associated precipitation respond to a similar forcing over its ascending and descending branch. Here, the ENSO case is used as an example. From a zonally averaged point of view, the ENSO SST anomalies and the corresponding FЈ s are spatially symmetric, with the same sign of anomalies on both sides of the equator. If there were no forcing other than the SST anomalies, the zonally averaged tropical precipitation anomalies should also be spatially symmetric. However, this is not what we found in the observations. The zonal average of the observed tropical precipitation anomalies shows an asymmetric pattern, with positive anomalies over the summer hemisphere and negative anomalies over the winter hemisphere. This asymmetric pattern reaches its maximum strength in the spring of the ENSO decaying phase (year 1). The movement of the precipitation asymmetry is consistent with the seasonal migration of the Hadley circulation. Thus, the Hadley circulation is enhanced (reduced) by the symmetric El Niño (La Niña) SST anomalies, with positive (negative) precipitation anomalies over convective regions, the ascending branch of the Hadley circulation, and negative (positive) precipitation anomalies over margins of convective regions. Figure 13 is a schematic diagram that explains how ENSO induces the asymmetry of the tropical precipitation. In an El Niño event, the warm SST anomalies over the tropical eastern Pacific enhance the local convection via FЈ s , that is, F netЈ Ͼ 0, and moisten the lower troposphere via the evaporation process. Meanwhile, the enhanced convection warms the entire tropical troposphere through wave dynamics (Chiang and Sobel 2002; Su and Neelin 2002; Wallace et al. 1998) . The warmer tropical troposphere also increases low-level moisture over convective regions under a convective QE. This linking of low-level moisture and tropospheric temperature is termed "QE mediation" (Neelin and Su 2005; Chou et al. 2006) . Note that the QE mediation does not affect low-level moisture over nonconvective regions, so it creates a meridional gradient of the low-level moisture anomalies between convective and nonconvective regions. The increased low-level moisture decreases the effective moist stability M, so convection and the associated tropical precipitation are enhanced further over convective regions. The enhanced low-level moisture and ascending motion also increase the precipitation over convective regions via the nonlinear effect of the vertical moisture transport Ϫ(͗Ј‫ץ‬ p qЈ͘ Ϫ ͗Ј‫ץ‬ p qЈ͘). This enhanced convection is over the ascending branch of the Hadley circulation, so the Hadley circulation is strengthened. The strengthened Hadley circulation increases downward motion over its descending branch. This anomalous downward motion dries the low-level moisture over nonconvective regions, so the meridional gradient of the low-level moisture anomalies is enhanced, with positive moisture anomalies over the ascending area and negative precipitation anomalies over the descending area. This moisture gradient, combined with the mean Hadley circulation, induces a dry advection at lower troposphere, that is, Ϫv · ١qЈ Ͻ 0. This dry advection, similar to the upped-ante mechanism (CN04), reduces precipitation over the northern margins of convection zones. On the other hand, the anomalous Hadley circulation also imports dry air from higher latitudes to the convective margins via ϪvЈ · ١q and reduces the precipitation over these regions. The nonlinear effect of the horizontal moisture transport Ϫ(͗vЈ · ١qЈ͘ Ϫ ͗vЈ · ١qЈ͘) also suppresses convection over the convective margins. The temperature advection Ϫ͗v · ١T͘Ј has a similar but weaker effect on the tropical precipitation. Overall, the symmetric warm SST anomalies initiate positive tropical precipitation anomalies via FЈ s . However, two effects associated with the Hadley circulation-the effect associated with MЈ{Ϫ[͗‫ץ‬ p qЈ͘ ϩ (͗Ј‫ץ‬ p qЈ͘ Ϫ ͗Ј‫ץ‬ p qЈ͘)]} and the effect of the horizontal MSE transport ͓Ϫ͗v · ١(T ϩ q)͘Ј]-create the asymmetry of the tropical precipitation anomalies that follows the seasonal migration of the Hadley circulation. The spatial asymmetry of the zonally averaged tropical precipitation anomalies shows a phase lag to the maximum SST anomalies over the tropical eastern Pacific. The SST anomalies show a temporally symmetric variation with the maximum amplitude around January of year 1 (Fig. 1a) , while the asymmetry of the tropical precipitation occurs mainly in the ENSO decaying phase (year 1). This inconsistency provides evidence that SST anomalies over the tropical eastern Pacific do not directly induce the spatial asymmetry of the tropical precipitation anomalies. In our analysis, the spatial asymmetry of the tropical precipitation anomalies is mainly from precipitation anomalies over the remote area outside of the tropical eastern Pacific. Those remote precipitation anomalies are affected by the SST and tropospheric temperature anomalies over the same remote region. Both the maximum SST and tropospheric temperature anomalies over the remote area have a one-season lag to the maximum SST anomalies over the local area (e.g., Chiang and Lintner 2005; Kumar and Hoerling 2003; Su et al. 2005) .
The weak asymmetric SST anomalies in 1982-83 (Fig. 2a) may also induce the asymmetry of the tropical precipitation anomalies, but are not the main cause for this precipitation asymmetry. In a sensitivity test with symmetric SST anomalies, the asymmetry of the tropical precipitation anomalies can still be produced. Moreover, the 1999/2000 La Niña case has symmetric SST anomalies, but the corresponding precipitation anomalies show a clear seasonal movement that is consistent with the migration of the Hadley circulation. This implies that the precipitation asymmetry can be created without asymmetric SST anomalies.
The moisture budget is more accurate than the MSE budget because of the independence of the moisture budget to convection height. The variation of MЈ involves a significant cancellation between two large effects: the low-level moisture effect and the maximum depth of convection effect (Yu et al. 1998) . The lack of a definite theory for MЈ creates caveats in determining the effect associated with MЈ. Accurately estimating the MЈ effect presents a substantial challenge and is subject to future study. Here we focus only on some key terms that can be identified with particular effects. Our analysis does show evidence that the effect associated with MЈ, which depends only on the low-level moisture effect Ϫ͗ ‫ץ‬ p qЈ͘ in this study because of neglecting the contribution of ‫ץ͗‬ p s͘, does indeed affect the positive precipitation anomalies in the asymmetry of the tropical precipitation anomalies.
In our analysis for inducing the asymmetry of the zonally averaged tropical precipitation anomalies during ENSO, two effects responsible for the asymmetry are similar to the rich-get-richer and upped-ante mechanisms found in the global warming simulations of the simplified model of intermediate complexity (CN04) and the comprehensive coupled general circulation model (Chou et al. 2006) . This study provides evidence that these two effects found in the global warming study exist not only in the model simulations, but also in the observations. In global warming, the main forcing is also symmetric to the equator, but with a much broader spatial scale. Thus, their impacts on atmospheric circulations, such as the Hadley and Walker circulations, via the processes discussed here should be more pronounced. The further analysis in the global warming case will be discussed in another study.
